Background: Hirschsprung's disease (HSCR) is one the most common congenital intestinal disease. It leads to aganglionic megacolon in the early childhood. Several susceptibility genes have been identified : RET protooncogene and its ligand, glial cell derived neutrophic factor (GDNF), Sox 10, Endothelin-3 (EDN3) and its receptor B (EDNRB). EDNRB mutations are found in 5% of familial or sporadic HSCR. Only few EDNRB mutations found in HSCR have been explored and some of them seem to be non fonctional variants.
Introduction
Hirschsprung's disease (HSCR) is a frequent congenital intestinal malformation affecting 1 in 5000 live births (1), characterized by the absence of ganglion cells in the distal portion of the intestinal tract. HSCR causes severe neonatal intestinal obstruction that requires surgical treatment, which currently ensures a favorable prognosis. The enteric nervous system is formed by the migration and differentiation of neural crest cells (2) . HSCR is believed to be caused by the premature differentiation of these migrating neural crest cells before they reach the entire bowel (3) .
Genetic and animal studies have uncovered several genes that make children susceptible to HSCR, two ligand/receptor pairs and a transcription factor. For a recent review see Chakravarti et al. (4) . The gene that is most often mutated in HSCR is the RET protooncogene. There may also be mutations in its ligand gene: glial cell-derived neutrophic factor (GDNF) in HSCR (5, 6) . The Sox 10 gene, which encodes a transcriptional factor expressed in neural crest cells, is mutated in some cases of aganglionic bowel (7) and its murine homologue (Dom) leads to dominant megacolon when mutated (8) .
Endothelin (ET)-3 and its receptor ET B is another ligand/receptor combination that plays an important role in the development of the enteric nervous system (9) . ET-3/ET B inhibit the differentiation of neural crest cells. Both ET B and ET-3 are needed to prevent the premature differentiation of crest-derived cells that leads to aganglionosis (3) . Mice with a targeted null disruption of either EDNRB or EDN3 have the same phenotype, coat colors spotting, and aganglionic megacolon, which is similar to those of We have examined the functionality of three mutant human ET B receptors. Amiel et al. (19) found these heterozygous hET B missense mutations (G57S, R319W and P383L) in isolated cases of Hirschsprung disease children. The three mutations correspond to three transitions, G to A at nucleotide 399, C to T at nucleotide 1185, and C to T at nucleotide 1378. The first transition results in the substitution of glycine for serine at position 57 (G57S), the second in the substitution of arginine for tryptophan at position 319 (R319W), and the third for the substitution of a proline for leucine at position 383 (P383L). The G57S mutation is in the extracellular N-terminal region of the ET B receptor, R319W is within the third cytoplasmic loop and P383L is in the end of the seventh transmembrane domain (Fig. 1, top) . Alignment with other species shows that the sequences surrounding the mutations R319W and P383L are highly conserved, contrasting with the G57S region (Fig. 1) .
Each mutation occurs sporadically in HSCR patients and they are inherited from an asymptomatic carrier, the mother. We investigated the relationship between the G57S, R319W and P383L hET B mutant receptors described by Amiel et al. (19) and HSCR (44) , rat (45) , mouse (10) , bovine (46) , and horse (47) ET B sequences using the programme MacVector. Sequences around the R319W and P383L mutations are highly conserved among species, whereas those around the G57S mutation are not. "lethal spotted" and "piebald lethal" phenotypes in mice (10) and HSCR or Shah-Waardenburg syndrome in humans (11, 12) .
The endothelins (ET-1, ET-2 and ET-3) are 21 amino acids, vasoactive peptides. They act via two distinct high-affinity endothelin receptor subtypes, ET A (13) and ET B (14) , which are seven-transmembrane G protein-coupled receptors. The ET A receptor binds ET-1 and ET-2, but not ET-3 at physiological concentrations, whereas ET B binds all three ETs with similar affinities.
Several mutations of EDNRB have also been reported in HSCR patients (15) (16) (17) (18) (19) (20) (21) . But few studies to date have reported a functional analysis of the mutations identified. Three mutant hET B receptors were analyzed by Tanaka et al. (1998) (22) . The N104I receptor had almost the same functional properties as the wild-type hET B receptor, the C109R receptor was not translocated into the plasma membrane and the S390R mutation impaired all intracellular signalings. A recent paper from Imamura et al. (23) described the impairment of G q coupling protein associated with the mutation W276A/C, whereas G i coupling was not affected.
by analyzing the functional properties of these mutant hET B receptors using transfected wild-type or mutant hET B receptors into CHO and HEK-293 cells to study the signaling cascades of their activations.
Experimental Procedures

Plasmid Constructs
Human ET B (hET B ) cDNA (14) was subcloned into pcDNA 3 (Invitrogen®) to create pcDNA 3 -ET B . The 6xTRE-Coll-LUC plasmid (24) and pCH110 (25) have been described elsewhere.
The cDNAs encoding the mutant hET B receptors, G57S, R319W and P383L were constructed by sitedirected mutagenesis.
G57S SITE-DIRECTED MUTAGENESIS. The plasmid pcDNA 3 -G57S was constructed with two PCR amplified fragments using the following oligonucleotides: T7 59-TAATACGACTCAACTAT AGGG-39 and G57S-Rev 59-CCCGGGTGGCGTCATTATCTCT-GCGGTTTG-39 to amplify the first fragment and oligonucleotides: G57S-Fr 59-AGTACTAAGACCT-TATGGC CCAAGAGTTCCA-39 and EcoRV-Rev59-AAGCAACAGCTCGATATCTGTCAA TAC-39 to amplify the second fragment. The first amplified PCR fragment was digested with BamHI and SmaI and the second with ScaI and EcoRV. The two digested fragments were then ligated by blunt end sites : Sma I and Sca I, and inserted into the plasmid pcDNA 3 -ETB digested with BamHI and EcoRV to create pcDNA 3 -G57S.
R319W SITE-DIRECTED MUTAGENESIS. The plasmid pcDNA 3 -R319W was constructed with two PCR reactions, using EcoRV-Fr 59-GTATTGACGATATC-GAGCTGTTG-CTT-3' and R319W-Rev 5'-TTTTGGC-CACTTCCCATCTCT-GCTTTAGGT-3' to amplify the first fragment , and R319W-Fr 5'-GCTTTAAATGAT-CACCTAAAGCAGAGATGGGA AGTGG-3' and EcoRI-Rev 5'-GCAGGAATTCAGTGAAG-CGAGTT-3' to amplify the second fragment. These two PCR products were mixed and subjected to a new PCR reaction with the oligonucleotides EcoRV-Fr and EcoRI-Rev. The overlapped amplified fragment containing the mutation was then digested with EcoRI and EcoRV and inserted into pcDNA 3 -ET B plasmid digested with EcoRI/EcoRV to create pcDNA 3 -R319W.
P383L SITE-DIRECTED MUTAGENESIS. The plasmid encoding the mutation P383L in hET B receptor was named pcDNA 3 -P383L and created by fragment mutagenesis. The mutated fragment was amplified by PCR using the following oligonucleotides: P383L 59-TTCACTGAATTCCTGCATTAACCTAATTGCTC-GTA-39 and SP6 59-GCATTTA GGTGACACTATA-GAATAG-39. The plasmid pcDNA 3 -ET B and the amplified fragment containing the mutation were digested with EcoRI and XbaI, and then ligated to create pcDNA 3 -P383L.
The plasmids corresponding to the different mutant hET B receptors were characterized by restriction enzyme analysis and verified by DNA sequencing on an ABI Prism 377 DNA Sequencer (PE Applied Biosystems).
Cell Culture and Transfection
Chinese hamster ovary (CHO) (ATCC n8CRL 9606) were cultured in Ham's F-12 Nutrient Mixture (HAM F-12) (Gibco BRL) and HEK-293 cells (ATCC n8CRL 1573) were cultured in Dulbecco's modified eagle medium (DMEM) (Gibco BRL), both supplemented with 10 nM glutamine and 10% fetal calf serum (FCS), in a humified atmosphere of 5% CO 2 and 95% air. Cell transfections for transient and stable expression were performed using FuGENE™6 transfection reagent (Roche Diagnostics). For stable expression, CHO cells expressing the wild type (WT) and the mutant hET B receptors were grown in the presence of geneticin (750 g/ml) to select the transfected cells. The resulting cloned cells were routinely cultured in the presence of 300 g/ml geneticin.
CHO cells were made to stably express the aequorin gene (26) by Parnot et al. (27) . These cells were then cultured routinely as described above for the other CHO recombinant cells.
Radioligand Binding Assays
The CHO cells expressing the WT or mutant hET B receptors were plated in 24-well plates for competitive binding experiments. They were incubated at 48C for 15 min in buffer A (50 mM Tris HCl pH 7.4, 150 mM NaCl, 5 mM MgCl 2 and 40 mg/l bacitracin) and then for 90 min at room temperature in buffer A containing 10 mg/ml bovine serum albumin (Sigma Aldrich), 50 M phosphoramidon (Sigma Aldrich) and 125 I ET-1 (10 6 cpm/well) (Amersham Pharmacia Biotech). Competition experiments were carried out with various concentrations of unlabeled ET-1, or the selective ET B agonist, succinyl-(Glu 9 ,Ala 11,15 )-endothelin-1(8-21) (IRL 1620) (28) . Bound and free ligands were separated by washing cells 4 times with 50mM TrisHCl pH 7.4 at 48C, and the cells were then counted in a gamma counter (TopCount, Packard) with Microscint 20 (Packard). Non-specific binding was defined as the binding measured in the presence of 100 nM unlabeled ET-1
Measurement of Calcium Transient
AEquorin containing CHO cells were grown in 96-well plates and transiently transfected with cDNA encoding WT or mutant hET B receptors cDNA. Twenty-four hours later the cells were incubated for 120 min at 378C in 50 l/well medium supplemented with 0.5 M coelenterazine (Molecular Probes, Eugene USA), washed twice and then incubated for 30 min at room temperature in 50l AEQ buffer (0.3 mM CaCl 2 , 1 mM MgCl 2 , 125 mM NaCl, 5 mM KCl, 5.5 mM glucose, 20 mM Hepes, pH 7.3). Activation was performed by adding 50 l ET-1 per well at various concentrations and counting luminescence 30 sec later (TopCount, Packard).
Characterization of AP-1 Pathway
Recombinant CHO cell lines bearing the WT or the mutant hET B receptors were plated in 12-well plates and transiently transfected with 1.4 l FuGENE™6 transfection reagent, 0.5 g 6xTRE-Coll-LUC plasmid (24) 
Immunofluorescence
The cells were fixed for 1 hour in 4% paraformaldehyde containing 3% sucrose and then immersed in 50% ethanol in PBS for 10 min. They were blocked by incubation for 1 hour with 10% fetal calf serum in PBS, and then incubated with 4 g/ml anti-hET B receptor antibody for 12 hours at 48C. The antiserum was raised against a peptide (CLKFKANDHGYD-NFRSSNKYSSS) corresponding to the carboxyl terminus (420-442) of the hET B receptor (30) . The cells were washed and incubated in PBS containing 1% fetal calf serum and the Cy3-conjugated sheep antirabbit F(ab') 2 fragment antibody for 3 hours at room temperature. Fluorescent images were photographed under a microscope (Zeiss) and digitalized using a coolsnap camera (Kodak). Cells were treated with 10 2 6 M ET-1 for 30 min at 48C, fixed and examined for internalization of WT and mutant hET B receptors.
Results
Affinities of the Wild-Type and Mutant hET B Receptors for ET-1
We looked for the implication of these mutations in a predisposition to HSCR by examining their affinities for ET-1. We carried out competitive binding experiments using intact CHO cells transiently and permanently bearing WT or mutant hET B receptors. The specific binding of ET-1 to G57S and R319W receptors was similar to its binding to the WT hET B receptor (Fig. 2) . Untransfected CHO cells showed no specific binding. In competitive binding experiments unlabeled ET-1 was similarly displaced from G57S, R319W and the WT hET B receptors. These results indicate that the affinities of G57S and R319W mutant receptors for ET-1 are very similar to those of the WT hET B receptor. In contrast, P383L mutant receptors bound 125 I ET-1 very poorly (Fig. 2) . 
Subcellular Distributions of Wild-Type and Mutant hET B Receptors in CHO Cells
CHO cells were immunostained with an anti-hET B receptor antibody to show that the mRNAs for each receptor transfected were actually produced and translated. This antibody (30) was raised against a peptide (420-442) corresponding to the C-terminal part of the human ET B receptor and was used to determine the subcellular distributions of all the mutant receptors.
The synthesis and presence of the receptor was shown by immunostaining CHO cells transfected with the wild-type receptor or each of the three mutant receptors (Fig. 3) . CHO cells transfected with empty pcDNA3 showed no immunostaining (not shown). The distributions of the wild-type (Fig. 3A) , G57S (Fig. 3C) and R319W (Fig. 3E ) mutant hET B receptors were all similarly diffusely distributed around the periphery of the cells. In contrast, the P383L mutant hET B receptor was observed near and around the nucleus (Fig. 3G) , indicating limited access of ET-1.
The internalization of WT, G57S and R319W hET B receptors was analyzed by treating the cells with 10 2 6 M ET-1 for 30 min at 48C and immunostaining for ET-1. The wild-type (Fig. 3B) , G57S (Fig. 3D) and R319W (Fig. 3F ) mutant hET B receptors all behaved similarly; they were all in the cytoplasm of the cells with a punctuated distribution.
Intracellular Signaling of the Mutant hET B Receptors
LIGAND-INDUCED INTRACELLULAR CA 21 TRANSIENTS. Intracellular calcium transients were analyzed using CHO cells permanently containing aequorin in their cytoplasm (27) . The binding of three calcium ions to the aequorin/coelenterazine complex allows coelenterazine to be cleaved by aequorin, emitting light. The luminescence increases proportionally with the intracellular calcium concentration.
CHO cells producing aequorin were transiently transfected with the expression vectors encoding the wild-type, G57S, R319W or P383L hET B receptors. The wild-type hET B receptor in CHO-aequorin cells was activated by endothelin to produce a dosedependent intracellular calcium transient (Fig. 4) . 
Activation was maximal with 10
2 10 M ET-1. The G57S and R319W mutant hET B receptors caused intracellular calcium transients in response to ET-1 stimulation similar to those of the WT hET B receptor, over a similar range of ET-1 (Fig. 4) . In contrast, cells transfected with the P383L hET B receptor produced no intracellular calcium transient when stimulated with ET-1, in agreement with its poor binding of ET-1 and its location (Fig. 2) .
LIGAND-INDUCED AP-1 PATHWAY. Activation of the AP-1 pathway was measured using the ability of AP-1 transcription factors to bind to the TRE (TPAresponsive element) sequence, which will activate the transcription of genes carrying this sequence in their promoter. CHO cells bearing WT or mutant hET B receptors were transfected with a luciferase reporter gene construct carrying 6 TRE sequences upstream of the minimal promoter of collagenase (24) . The binding of agonist to its receptor activated the signaling pathway stimulating AP-1. The AP-1 then bound to the TRE sequences, and stimulated luciferase synthesis. The luciferase activity measured by luminescence was an indicator of AP-1 activation. ET-1 (Fig. 5 ) and the specific ET B agonist, IRL 1620 (insert panel Fig. 5 ) bound to the wild-type or the mutant G57S or R319W hET B receptors and caused the same luciferase activity, indicating the same stimulation of the AP-1 pathway. The P383L receptor produced no stimulation of this pathway, either when stimulated with ET-1 or IRL 1620 (data not shown).
LIGAND-INDUCED ADENYLYL CYCLASE ACTIVITY. ET-1 inhibited adenylate cyclase in a dose dependent manner on CHO cells transiently transfected to produce the wild-type hET B receptor. This occurred after stimulation with 10 2 5 M forskolin (data not shown) and in basal conditions (Fig. 6) . In contrast, neither G57S nor R319W mutant hET B receptors inhibited the accumulation of cAMP in CHO cells in response to ET-1, with or without forskolin stimulation. Comparable results were obtained using CHO cells stably transfected with genes for WT and mutant hETB receptors (data not shown).
The same results were obtained in HEK-293 cells transiently transfected with genes encoding the wild-type and R319W hET B receptors (Fig. 7A) . The G57S hET B receptor even caused an increase in cAMP accumulation in response to ET-1 (Fig. 7A) that was blocked by treating the HEK-293 cells with pertussis toxin (Fig. 7B) . As a control, pertussis toxin has no effect on the ET-1 blockade of adenylyl cyclase production via the wild-type hET B receptor (Fig. 7B ).
Discussion
We analyzed three new mutant hET B receptors that have been found in sporadic HSCR patients. The mutation in each case was heterozygous and inherited from an asymptomatic carrier (19) . We explored their functionalities to determine whether these natural mutated receptors were involved in HSCR. The data also provide new information on the relationship implicated, which will activate a Jun N-terminal kinase (JNK) after the binding of ET to ET B receptor. The minor signaling pathway for hET B is activation of G ␣i , which inhibits adenylate cyclase.
In this report, we performed functional analysis of three new mutants of hET B receptors based on analysis of their coupling to heterotrimeric G proteins. The intracellular signaling pathway involved was analyzed and compared to that of the wild-type hET B receptor.
The P383L mutant hET B receptor bound essentially no ET-1 and had no functional activity (induction of calcium transient and AP-1 stimulation). This was explained by the lack of functional receptors at the plasma membrane. Immunofluorescence experiments showed that the protein resulting from mRNA translation clustered mainly around the nucleus. The P383L mutation that occured in the Cterminal region of TMD7 impaired the translocation of the mutant hET B receptor to the plasma membrane. Such ectopic hET B receptor clearly cannot bind its agonist and cannot transduce a functional signal. This mutation affects the spatial structure of the seventh transmembrane helix that might be the cause of the sequestration of the mutant receptor into the Golgi apparatus. Only one mutation of the hET B receptor has been previously found to have impaired translocation to the plasma membrane. This C109R mutation lies in the amino-terminal region of TMD1 (22) . We can speculate that both C109R and P383L mutations are involved in creating a topogenic region that allows the transport of the receptor from the endoplasmic reticulum to the plasma membrane. A recent paper by Vichi et al. (21) examined the functionality of the P382K mutant rat ET B receptor (corresponding to P383L in humans (Fig. 1) and between the structure and the function of hET B receptors.
Human ET B is a G protein-coupled receptor (GPCR) that binds all three endothelin peptides equally well and is involved in the intracellular signaling pathway via heterotrimeric G proteins (31, 32) . Sakamoto et al. (33) reported that the classic "message-address" concept can be used for the endothelin receptor interaction. Recently, Masaki et al. (34) proposed that the endothelin receptor has two functions, a "message" and an "address" function, with each function assigned to different domains of the receptor. Takasuka et al. (35) showed that the 29 amino acids of the N-terminal part, starting from Lys 73, are responsible for the formation of the stable ligand-receptor complex. Sakamoto et al. (33) demonstrated that the region containing the first transmembrane domain (TMD1) to TMD3 and the adjacent intracellular, and extracellular loops, and the TMD7 are involved in endothelin binding and that TMD4 to TMD6 and the adjacent loops are involved in the subtype selectivity. It was shown that the third intracellular loop contains the major determinants for the selective coupling of each endothelin receptor subtype. More recently, Vichi et al. (36) demonstrated that TMD7 regulates the AP-1 transcriptional pathway and that the cytoplasmic tail is important for coupling to G protein, as in many GPCR. The third intracellular loop and the TMD6 also appear to be involved in the G proteins interactions. Several G proteins can be activated after ET B receptor stimulation. The major signaling pathway for ET B activation is an increase in intracellular calcium concentration after activation of phospholipase C, which is stimulated by activation of a G q/11 . It was also recently shown that G ␣13 is found an impaired binding, as for the P383L mutant. But the immunofluorescence of transiently transfected cells with an antibody against a Tag sequence showed that the subcellular distribution of the mutant was normal, in contrast with our data. The discrepancy of the results could be due to the substituted aminoacid (from proline to lysine in the rat ET B , and to leucine in the human ET B receptor), or from the antibodies used, in our case a specific antibody against hET B and in their case against a Tag sequence, or even from the Tag itself, which could alter the cellular trafficking of the receptor.
In contrast, the two other mutant receptors analyzed, G57S and R319W hET B were distributed, like the wild-type, at the periphery of the transfected cells, showing the proper trafficking of the receptor from the endoplasmic reticulum to the plasma membrane. Immunofluorescent labeling of cells incubated for 30 min with ET-1 showed similar internalization of the mutants compared to the WT hET B receptor. ET-1 induced a patchy distribution both below the plasma membrane and around the nucleus, presumably being located in lysosomes in accordance with a recent paper of Abe et al. (37) . Most of the properties of the two mutants G57S and R319W were identical to those of the WT receptor. The same binding of 125 I ET-1 was observed for both mutants and WT hET B receptors, showing functional binding sites of ET-1. There were also no changes in affinity binding using the specific ET B agonist IRL 1620. We tested the effect of ET activation of hET B on the calcium transient using a recombinant CHO cell line containing aequorin. This allows us to measure the light emission in live cells caused by increasing intracellular calcium in response to activation of hET B by ET-1 (27) . As expected, there was no stimulation of calcium transient by the P383L mutant hET B receptor, in agreement with the non access of ET-1 to the mutant receptor. In contrast, for G57S, R319W and WT hET B receptor all gave the same activation. These results show that there is normal coupling with G ␣q/11 of these mutant hET B receptors after activation by ET-1.
Vichi et al. (36) have shown recently that some TMD7 mutants of the rat ET B receptor have normal ERK activation by ET-1 but a reduced AP-1 transcriptional activation. We tested the activation of AP-1 transcription by the mutant G57S and R319W hET B receptors by transient transfection of an AP-1/ luciferase reporter construct. The two mutants gave the same activation as the wild-type human ET B receptor, showing a normal G ␣q coupling. G57S mutation is in the N-terminal part of the receptor, which is believed to be responsible for the formation of a stable ligand-receptor complex, but which does not seem to be important for the signaling coupling. R319W mutation is located within the third intracytoplasmic loop which have been shown to be a major determinant of selective coupling of ET B (32) . ET-1 and the specific ET B agonist, IRL 1620 interacted with both mutants to give the same activation of AP-1 transcription, showing that the mutations are not in the subdomains involved in the selectivity of ET subtypes (33) .
ET-1 has opposite effects on cAMP formation when acting via ETA and ET B , with pharmacological evidence for the selective coupling of each receptor subtype with G ␣s/␣i (32) (38) . This loop might be important for the interaction of the ET B receptor with G ␣i protein involved in the cAMP pathway, whereas it might not affect the G q protein that is said to cause the intracellular calcium transient and activate AP-1 pathway (39) . A mutation in an other GPCR, the parathyroid hormone (PTH)/PTH-related peptide (PTHrp) receptor, results in a selective loss of a signaling pathway (40) . Mutations in the second cytoplasmic loop of the PTH/PTHrp receptor cause a selective loss of PTH-stimulated phospholipase C activity without affecting the cells's capacity to generate cAMP.
The three mutations of the hET B receptor explored in this paper impair the subcellular distribution of the receptor (P383L) or the cAMP signaling pathway (G57S and R319W). Thus the P383L hET B receptor mutation can be involved in HSCR. The links between the two other hET B receptor mutations (G57S and R319W) and HSCR are less clear. The G57S mutation has also been found in ECTIM population with a low frequency (12 carriers in 1223 individuals), but not associated with blood pressure or hypertension (41) , which could be explained by the normal G ␣q coupling of this mutant receptor.
Our findings allow us to make the hypothesize that a defect in the G ␣i signaling pathway of the hET B receptor might be involved in HSCR etiology. The heterozygosity of the human ET B receptor would predispose to isolated HSCR with incomplete penetrance and ET B may be a susceptibility locus in non-syndromic HSCR.
The absence of ganglion cells from the distal portion of the intestinal tract in HSCR is a consequence of the premature arrest of the cranio-caudal migration of neural crest cells (9) . The proposed explanation of this phenomenon is that ET/ET B prevents the differentiation of neural crest-derived precursors during their migration (3). Furthermore, cyclic AMP has been shown to induce cell differentiation of Trypanosoma cruzi (42, 43) . Taken together this suggests that the intracellular signaling of hET B receptors via cAMP might be involved in neural crest cell differentiation into neurons and glial cells induced by GDNF/RET protooncogene.
